A survey of the agricultural and evolutionary literature was undertaken to determine the extent to which phenotypic correlations reflect their genetic counterparts in plants. More than 4000 phenotypic and genetic correlations representing 27 different plant species and over 40 years of research were analysed. In 74 per cent of the comparisons, the arrangement of elements of different magnitudes in genetic and phenotypic correlation matrices was more similar than would be expected by chance alone. In addition, the overall magnitude of correlation was greater in genetic correlation matrices than in phenotypic correlation matrices in 85 per cent of the comparisons. Several studies which reported correlations within and among distinct suites of traits provided the opportunity to evaluate correlations among functionally or developmentally related characters. It was determined from these studies that traits belonging to the same suite of characters were more highly genetically and phenotypically correlated than traits from different suites.
Introduction
According to quantitative genetic theory, genetic and environmental causes of correlation combine together to produce the phenotypic correlation:
where h is the square root of the heritability, e represents the square root of the proportion of phenotypic variance attributable to environment, r is the correlation between two traits X and Y, with subscripts P, A and E representing the phenotypic, additive genetic and environmental correlations, respectively (Falconer, 1989, p. 315) . It is clear from the dual nature of the phenotypic correlation that the magnitude and sign of phenotypic and genetic correlations are not necessarily related. In 1988, Cheverud compared 41 pairs of phenotypic and genetic correlation matrices from 23 different animal studies to determine if phenotypic correlations could be substituted for their genetic counterparts in multivariate models of evolutionary change. This surrogate role for phenotypic correlations was motivated by the fact that genetic correlations are often difficult (require large sample sizes of individuals of known relatedness) or impossible (rare, endangered or extinct species) to obtain (Cheverud, 1988) . In comparison, phenotypic correlations are easily and accurately estimated requiring only moderate sample sizes and no knowledge of relatedness among individuals. Although Cheverud's (1988, p. 958) conclusion that 'phenotypic correlations are likely to be fair estimates of their genetic counterparts in many situations' has been called into question on statistical grounds (Willis et al., 1991) , his hypothesis is valuable in that it emphasizes a holistic view of evolutionary change and the importance of correlations in our understanding of functional and developmental relationships among traits (cf. Mayr, 1976; Lewontin, 1978; Gould & Lewontin, 1979) .
The present investigation was motivated by the absence of a synthetic overview of genetic and phenotypic correlations in plants. It is intended to serve as a botanical companion to Cheverud's (1988) synthesis of the animal literature and as a reference for investigators in plant genetics. In general, the relationship between phenotypic and genetic correlations in plants is poorly understood. Given the manifest plasticity of plants vs. animals (Bradshaw, 1965; Schlichting, 1986; Sultan, 1987) , we might expect that environmental alteration of the plant phenotype will result in phenotypic correlations that are not very good estimates of their genetic counterparts. In order to determine whether this expectation is realized, we generated a database of paired genetic and phenotypic correlation matrices from a variety of plant studies. Using this database, we were able to compare genetic correlation matrices with their phenotypic counterparts, as well as evaluate phenotypic and genetic correlations among suites of functionally and/or developmentally related traits (sensu Olson & Miller, 1958; Berg, 1959 Berg, , 1960 .
Materials and methods

Data
A survey of the agricultural and evolutionary literature yielded 32 plant studies in which the author(s) reported both genetic and phenotypic correlation matrices (see Appendix). From the studies reporting correlations of both types for four or more traits, we derived a data set consisting of 53 pairs of genetic and phenotypic correlation matrices. Several studies included pairs of genetic and phenotypic correlation matrices from more than one environment, population, generation, etc. Together, the data encompass more than 40 years of research, 27 different species and over 4000 phenotypic and genetic correlations.
Several studies were selected for closer inspection from the pool of studies, because they reported phenotypic and genetic correlations within and among distinct suites of traits (see Appendix). These studies were especially useful in that they allowed us to evaluate phenotypic and genetic correlations among traits sharing a common function and/or developmental origin.
Data analyses
The overall magnitude of correlation within a matrix or subset thereof was measured as the average absolute value of individual correlations within the matrix or subset of traits. That is, the absolute values of all off-diagonal nonredundant elements were summed and divided by the number of off-diagonal nonredundant elements to arrive at the average absolute value of correlation. That is,
where r i, j refers to the correlation between characters i and j, and n is the number of off-diagonal nonredundant elements in the matrix.
We calculated the average disparity between corresponding genetic and phenotypic correlation matrices or subsets thereof to assess how close, on average, were the estimates of genetic and phenotypic correlation. The average disparity between a pair of correlation matrices was determined by averaging the absolute values of differences between corresponding off-diagonal nonredundant elements of the phenotypic and genetic correlation matrices or subsets thereof (Willis et al., 1991) . That is,
where r G, i, j and r P, i, j refer to genetic and phenotypic correlations between characters i and j, and n is the number off-diagonal nonredundant elements in a matrix. The average disparity indicates the overall difference in the magnitude of correlation between matrices or subsets thereof, whereas the average absolute value of correlation indicates the overall magnitude of correlation within a matrix or subset thereof. A Pearson product-moment correlation between corresponding off-diagonal nonredundant elements of two correlation matrices was employed to measure the pattern similarity of corresponding genetic and phenotypic correlation matrices (cf. Lofsvold, 1986; Cheverud, 1988 Cheverud, , 1989 Kohn & Atchley, 1988; Cheverud et al., 1989; Cowley & Atchley, 1990; Wagner, 1990; Roff, 1995) . The matrix correlation which measures the similarity of the arrangement of elements of different magnitudes in two matrices is given by
where a i,j and b i,j are the ith, jth elements of the correlation matrices being compared (A and B), ā ij and b ij are the means of all off-diagonal elements in matrices A and B, respectively, and n is the number of characters sampled (Sneath & Sokal, 1973) . A large positive matrix correlation indicates that genetic and phenotypic correlations vary in similar directions, not that the magnitudes of individual correlations are identical. For this reason, it is important to consider the matrix correlation and average disparity (see above) together. If the matrix correlation is high and the average disparity is low, then genetic and phenotypic correlations with similar magnitudes tend to occupy the same positions in their respective matrices.
The statistical significance of the matrix correlation cannot be based on parametric or nonparametric hypothesis tests because any two correlations within the same row or column of a correlation matrix exhibit dependence. In this regard, randomization tests are useful because they require no prior assumptions regarding the distribution of the test statistic. The statistical significance of the matrix correlation was tested using Mantel's randomization test (Mantel, 1967) which has been the subject of considerable discussion (Shaw, 1991 (Shaw, , 1992 Cowley & Atchley, 1992) . In this test procedure, the observed matrix correlation is compared to an empirically derived distribution of matrix correlations based on the null hypothesis of no similarity between genetic and phenotypic correlation matrices. The empirical distribution of matrix correlations is generated by repeatedly (1000 permutations per comparison) calculating the matrix correlation between genetic and phenotypic correlation matrices after first having randomized the genetic correlation matrix. The proportion of randomly permuted matrix correlations exceeding the observed one gives an estimate of the probability of obtaining a matrix correlation greater than the observed one by chance. If the probability is large (P0.05 for example), then there is a failure to reject the null hypothesis, and the matrices being compared are no more similar than by chance alone. Conversely, if the probability is small (P0.05 for example), then the null hypothesis of no pattern similarity between correlation matrices can be rejected, and the alternative hypothesis of pattern similarity accepted.
Results
Magnitude and disparity
The overall magnitude of genetic correlation as measured by the average absolute value had a mean value of 0.400 across studies compared with a mean value of 0.312 for the average absolute value of phenotypic correlation ( Table 1 ). The overall magnitude of correlation was greater in the genetic correlation matrices than in the corresponding phenotypic correlation matrices in 85 per cent of the comparisons (Table 1) . A graphical representation of this discrepancy can be seen in Fig. 1 . Note that the majority of points occur above the line of equality in this figure signifying a greater average absolute value of genetic correlation. Although the average absolute value of correlation gives an indication of the overall strength of the individual correlations within a matrix, it obscures the actual disparity between corresponding individual genetic and phenotypic correlations because it is derived from absolute values. For this reason, we also calculated the average disparity between corresponding off-diagonal nonredundant elements in the genetic and phenotypic correlation matrices. The average disparity ranged from a low of 0.009 (source 16a) to a high of 0.814 (source 22) with an average of 0.202 across studies (Table 1) .
Pattern similarity
The arrangement of elements of different magnitudes within corresponding genetic and phenotypic correlation matrices or pattern similarity was measured by the matrix correlation, and ranged from 0.300 (source 26) to 0.998 (sources 5, 16a and 20b) with an average value of 0.836 across the studies (Table 1) . At a table-wide significance level of 0.001, 74 per cent of the matrix correlations were more similar than would be predicted by chance alone (94 per cent of the matrix correlations were more similar at an individual significance level of 0.05).
We plotted average disparities against matrix correlations in order to determine if pattern similarity resulted from proportional equivalence without similarity in magnitude of corresponding correlations or whether pattern similarity was caused by similarity in magnitude of corresponding genetic and phenotypic correlations (Fig. 2) . It can be seen from this figure, that the two variables are inversely proportional to one another so that a small average disparity between corresponding genetic and phenotypic correlation matrices is associated with a high degree of pattern similarity as measured by the matrix correlation. These results clearly indicate that pattern similarity as measured by the matrix correlation between corresponding genetic and phenotypic correlation matrices results from the arrangement of elements of similar magnitudes in genetic and phenotypic correlation matrices.
Character suites
Distinct suites of functionally and/or developmentally related traits were identified by the authors in five different studies including our own (Appendix sources : 18, 24, 25, 28 and 32) . For example, Harding et al. (1990; source 24) reported phenotypic and genetic correlations within and among three distinct suites of floral traits in Gerbera hybrida, Compositae. We took the liberty of constructing correlation diagrams from the data reported in this study to illustrate the concept of phenotypic and genetic integration among characters (Fig. 3) . The three traits of the ray floret suite are not very highly genetically or phenotypically integrated with one another corresponding to a low average absolute value of genetic and phenotypic correlation within this suite of traits (Table 2 ). In contrast, traits of the trans floret suite, and to a lesser extent the disk floret suite, exhibit a higher degree of genetic and phenotypic character integration (Fig. 3 , Table 2 ). According to Berg (1959 Berg ( , 1960 and Olson & Miller (1958) , we might expect the level of genetic and phenotypic correlation between suites of traits to be less than the level of genetic and phenotypic correlation within suites in this study. In fact, with the exception of ray floret traits, this was the case (Table 2) . We averaged the within-suite magnitudes of correlation in each study and compared it to the overall magnitude of between-suite correlation in each study to determine if the results from other studies were consistent with Harding et al. (1990; source 24) . In every study, the within-suite average for genetic correlations was greater than the between-suite average ( Table 2) . By the same token, the within-suite average for phenotypic correlations was greater than the between-suite average in every case ( Table 2) .
Discussion
Phenotypic correlations appear to be as good as, or better, estimates of their genetic counterparts in plants (our results) than in animals. Unfortunately, our results on average disparity are not directly comparable with Cheverud's (1988) because his measure of the average difference between corresponding genetic and phenotypic correlation minimizes the actual disparity (Willis et al., 1991) . In both this study and Cheverud's (1988) , the similarity of genetic and phenotypic correlation patterns was evaluated using the matrix correlation. Cheverud reports an average matrix correlation across animal studies of 0.57 with 78 per cent of the matrix correlations being significantly different from zero at the 5 per cent probability level. In comparison, the plant literature yielded an average matrix correlation of 0.82 with 94 per cent of the matrix correlations being significantly different from zero at the 5 per cent probability level. Thus, the overall pattern of genetic and phenotypic correlation also appears to be more similar in plants than in animals. There are two possible explanations for greater correspondence of r P and r G in plants compared to animals. First, nearly all of the plant data were based on populations reared under garden, laboratory or greenhouse conditions. Willis et al. (1991) have argued that such conditions decrease environmental variation and inflate heritabilities and genetic correlations in laboratory populations. Consequently, the correspondence between r P and r G will be greater in the laboratory than in the field. Although this explanation highlights the importance of not extrapolating from the laboratory to the field, it does little to explain the discrepancy between our work and Cheverud's, as both surveys rely heavily on results obtained under uniform conditions. Secondly, the correspondence between r P and r G may be greater in the plant studies because genetic correlations were estimated with greater precision. Cheverud (1988) demonstrated that as sample size increased, the precision with which genetic correlations are estimated also increased, the difference between genetic and phenotypic correlations decreased, and genetic correlations were more similar in pattern to their phenotypic counterparts. Cheverud (1988) divided the animal studies into two samples with effective sample sizes greater than and less than 40. The set of studies with larger sample sizes yielded an average matrix correlation of 0.81, similar to that reported here (0.82). Because the effective sample size was greater than 40 in nearly every plant study, it seems likely that the greater correspondence between r P and r G in plants may simply be an artifact of sample size.
We expected to find less similarity in levels and patterns of genetic and phenotypic correlation in plants than in animals given the manifest plasticity of plants. Unfortunately, the available data do not simulate the environmental conditions necessary for the realization of phenotypic plasticity. One would expect to find that the level of correspondence between genetic and phenotypic correlations would decrease as environmental variability increases. It would be interesting to test this expectation by comparing phenotypic correlations derived from several sources (field, garden and greenhouse) with genetic correlations derived under uniform conditions.
In 1958, Olson & Miller coined the phrase morphological integration to describe high levels of phenotypic correlation within suites of functionally or developmentally related traits and proposed that such suites form the units of evolution. Berg (1959) gave a selective explanation for morphological integration by postulating that pollinator selection would favour the integration of floral dimensions if it increased the precision with which pollen is deposited by insects. Berg (1960) also postulated that a reduction in correlation between floral and vegetative traits would be selectively advantageous if it isolated floral traits from the selective forces experienced by vegetative traits. Our evaluation of character suites indicates that traits belonging to the same functional and/or developmental group are phenotypically more integrated than traits with different functions or developmental origins. Berg's expectation that phenotypic correlations will be greater within floral and vegetative character suites than among them has been documented in five species of insect-pollinated plants (Conner & Sterling, 1996) , wild radish and Phlox drummondii (Waitt & Levin, 1993) . Furthermore, traits belonging to the same functional and/or developmental group are genetically more integrated than traits with different functions or developmental origins Waitt & Levin, source 32) . Clearly, there is greater genetic and phenotypic character integration within suites of functionally or developmentally related traits than between them.
Life history characters may or may not be an exception to the general rule of greater genetic and phenotypic character integration within than among suites of traits. In Conner & Via's wild radish study, the within-suite average for life history traits was less than the between-suite average for both genetic and phenotypic correlations (source 28). Conversely, the within-suite average for life history traits was greater than the between-suite average for both genetic and phenotypic correlations in Heterosperma pinnatum (Venable & Búrquez, source 25) . More studies containing matrices with mixtures of morphological and life history characters are required before a general relationship between life history and morphological traits can be established in plants.
Conclusion
With respect to the populations, environments, traits, sample sizes and other peculiarities of the studies cited here, phenotypic correlations are a good reflection of their genetic counterparts in plants. Although the precision necessary for accurate evolutionary inference is not likely to be met by substituting phenotypic correlations for genetic ones, qualitative predictions based on phenotypic correlations are far better than nothing when genetic data are impossible to obtain.
